Introduction
Space robots having manipulators are expected to work in future space missions (Xu & Kanade, 1993) . Since it is difficult to supply fuel to the robots equipped with rocket motors during manipulation, control methods for free-floating space robots consisting of a base and a manipulator have been proposed (Dubowsky & Papadopulos, 1993; Masutani et al., 1989a; b; Sagara et al., 1998a; b; Shin et al., 1995; Umetani & Yoshida, 1989; Yamamoto et al., 1995) . Most of them use the inverse of the Generalized Jacobian Matrix (GJM) which is a coefficient matrix between the velocity of the end-effector of the manipulator and the manipulator's joint velocity (Umetani & Yoshida, 1989) . Therefore, in a case that the robot manipulator gets into a singular configuration, the inverse of the GJM does not exist and the manipulator is out of control. For this problem, a continuous-time control method using the transpose of the GJM has been proposed for manipulators equipped with joint torque controllers (Masutani et al., 1989a; b) . In practical systems digital computers are utilized for controllers. So, we have proposed a discrete-time control method using the transpose of the GJM (Taira et al, 2001 ). The control method using the transpose of the GJM uses position and orientation errors between the desired and actual values of the end-effector. Namely, the control method belongs to a class of constant value control such as PID control. Therefore, the value of the errors depends on the desired linear and angular velocities of the end-effector based on the desired trajectory. To obtain higher control performance we have proposed a digital trajectory tracking control method that has variable feedback gains depending on the desired linear and angular velocities of the end-effector (Sagara & Taira, 2007) . Moreover, we have also proposed the control method for manipulators with velocity type joint controllers (Sagara & Taira, 2008b) . In addition, it is considered that many tasks will be achieved by cooperative motions of several space robots in future space missions. We have studied control problems for realizing cooperative manipulations, and reported that a system consisting of space robots with manipulators and a floating object can be treated as a kind of distributed system (Katoh et al., 1997; Sagara et al., 1998b) . Using the distributed system representation, each robot consisting of the distributed system can be designed by the control system individually, and we have reported a cooperative manipulation of a floating object by some space robots with the control methods using the transpose of the GJM (Sagara & Taira, 2008a; 2009) .
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In this chapter, our proposed control methods for space robot manipulators using the transpose of the GJM are described and the computer simulations are performed. First, for manipulators equipped with joint torque controllers we explain about a basic control method using constant feedback gains with the proof of stability. Next, to obtain higher control performance, we introduce a trajectory tracking control method with variable feedback gains for both torque and velocity joint inputs. Moreover, we address a cooperative manipulation of a floating object by some space robots with the control methods using the transpose of the GJM. Simulations where manipulators get into a singular configuration are also performed for the cooperative manipulation.
Modelling of space robot
We consider a free-floating space robot manipulator, as shown in Figure 1 . It has an uncontrolled base and an n-DOF manipulator with revolute joints. Let link 0 denote a base main body, link i (i = 1, · · · , n) the i-th link of the manipulator and joint j a joint connecting link (i − 1) and link i. The target of the end-effector of the manipulator is stationary in an inertial coordinate frame. 
A2)
The robot system is standing still at an initial state, i.e., the initial linear momentum and angular momentum of the space robots are zero.
A3)
No external force acts on the robot system.
A4)
Positions and attitude angles of robots and an object in inertial coordinate frame can be measured.
www.intechopen.com Note that all vectors and inertia tensors are defined with respect to the inertial reference frame.
kinematics and dynamics in continuous-time domain
In this subsection, kinematics and dynamics of the robot shown in Figure 1 are briefly described. The derivation of the following equations are founded in reference (Umetani & Yoshida, 1989) . First, a kinematic equation of the robot is described as
where
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are Jacobian matrices for a robot base motion dependent part and a manipulator dependent part, respectively. Next, with an assumption that total momentum of the system is held to zero, a linear and an angular momentum of the system, P and L, are described as follows:
Furthermore, an equation of motion of the robot is
as a candidate for a Lyapunov function which is positive definite, and its first difference ∆W(k) is defined as
From Equation (9), ∆W 1 (k) is represented as follows:
Similarly, using Equations (15) and (17) and the property that
For ∆W 3 (k), assuming H(k) ≈ H(k − 1) for one sampling period, i.e.,Ḣ(k) ≈ 0, and using Equation (7) and the propertyφ
Substituting τ (k) ≈ τ d (k) and Equations (5), (6) and (18) into Equation (30) yields
From Equations (28), (29) and (31), Equation (23) 
In Equation (32), ∆W(k) = 0 is satisfied if and only ifφ(k) = 0 and τ d (k) = 0. In addition, from Equations (5) and (6), the condition ofφ
and this equation is equivalent to e L (k) = 0 and e A (k) = 0 under the condition (20). Furthermore, e A (k) = 0 is equivalent to E OI = 0 under the condition (21). Therefore, since W(k) = 0 and ∆W(k) = 0 are satisfied if and only if the state is (19), and the other state keeps W(k) > 0 and ∆W(k) < 0, W(k) is a Lyapunov function and the equilibrium state (19) is is asymptotically stable. In order to validate the effectiveness of the control law (18), computer simulations were performed. Figure 2 shows the simulation model which has a 6-DOF manipulator, whose physical parameters are shown in Table 1 .
To avoid excessive inputs and to improve the end-effector path from the initial point to the target, the following conditions are used:
Simulation was carried out under the following condition. The sampling period is T = 0.01 [s] and t the controller parameters are Figure 3 . From this figure, we can see that the position and orientation of the end-effector are well controlled nevertheless the base is moved.
Trajectory tracking control
The basic control law (18) uses position and orientation errors between the desired and actual values of the end-effector of the manipulator. Namely, the basic control method using Equation (18) belong to a class of constant value control such as PID control. So, the basic control method can adopt a desired trajectory of the end-effector for practical purposes. The value of errors, however, depends on the desired linear and angular velocities of the end-effector based on the desired trajectory. In this section, we address digital trajectory tracking control methods using the transpose of the GJM (Sagara & Taira, 2007; 2008b) . (18) www.intechopen.com Robot Manipulators, New Achievements 372
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Tracking control
To apply the basic control law (18) to tracking control, the following equations are utilized instead of Equations (8) and (17):ē
whereĒ
To examine the performance of the tracking control using Equation (18), three types of simulations were performed using a horizontal planar 3-DOF robot shown in Figure 4 with object. Simulations were carried out under the following condition. A point of interest of the object moves along a straight path from the initial position to the target position, and the object angle is set to the initial value. The sampling period is T = 0.01s and the feedback gains are set for the following cases.
Case 1: This is the basic case. The feedback gains are k L = k A = 50000, K L = diag{5000, 5000} and K A = 5000.
Case 2: Position and orientation feedback gains, k L and k A , are set to larger values than those in Case 1. The gains are k L = k A = 100000, K L = diag{5000, 5000} and K A = 5000. Figure 5 (a), it can be seen that tracking control using the control law (18) is valid. Figure 5(b) shows the simulation results in all cases. This figure consists of the norm of the desired linear velocity of the object, the position errors of x and y directions, the orientation error, and the control inputs of joint 1, 2 and 3. Furthermore, Figure 6 shows the time-history of the position and orientation errors after the object reaches the vicinity of the target. From Figure 5(b) , the tracking errors in Case 2 and 3 are smaller than the errors in Case 1, while the desired velocity is transitional. From Figure 6 , however, the convergent performance of the target becomes slightly worse. . Position and orientation errors after the object reaches the vicinity of the target So, to get good control performance, we propose the modified control law (Sagara & Taira, 2007) :
and Figure 7 shows simulation result using the tracking control law (38). From Figure 7 , it can be seen that good control performance can be achieved using the tracking control law.
Tracking control for joint velocity controller
The tracking control law (38) can be utilized for manipulators equipped with joint torque controller. It is considered that joint velocity controllers are also used for space robot manipulators. In this subsection, we address a tracking control method for robot manipulators equipped with joint velocity controller (Sagara & Taira, 2008b) . ) we can see that the value of angular velocity is varying with the constant torque input during the sampling interval T. In other words, if the control inputs vary roughly for manipulators with joint velocity controllers, the joint controllers give large torques to the robot. For manipulators with joint velocity controllers the tracking control law (38) cannot be applied directly. To obtain similar control performance to the case of the joint torque controllers, we use the following discrete-time dynamic equation of the robot.
www.intechopen.com where the sampling period T 1 (T = nT 1 , n is positive integer) is used to Equation (7) instead of T, and c(k 1 ) = C(k 1 )φ(k 1 ). Here, we assume that φ is constant during the sampling interval T and c(k 1 ) ≈ c(k 1 − 1) during the sampling interval T 1 . Then for Equation (39) the actual joint velocity control inputφ d (k 1 ) is determined aṡ
To verify the validity of the control law (38) with Equation (40) simulations were performed. The condition is the same to the torque input case and the sampling period for Eq. (40) is T 1 = 0.001s (n = 10). Simulation result is shown in Figure 9 . Furthermore, Figure 10 shows the difference of the joint angular velocity between the case of torque input control and velocity input control. From these figures, the both control performances are similar and good control performance can be achieved using the control law (38) with Equation (40).
Cooperative manipulation of object
It is considered that many tasks will be achieved by cooperative motions of some space robots in future space missions. We have studied on control problems for realizing cooperative manipulations and reported that a system consisting of some space robots with manipulators and a floating object can be treated as a kind of distributed system (Katoh et al., 1997; Sagara et al., 1998b) . Using the distributed system representation each robot constituting the distributed system can be designed the control system individually. In this section, the tracking control method using the transpose of the GJM is applied to cooperative manipulations of a floating object by some space robots (Sagara & Taira, 2008a; 2009) .
Robot system model
In this subsection, we consider a space robot system consisting of M robots with manipulators and a floating object shown in Figure 11 . The h-th robot (h = 1, · · · , M) is consisting of an uncontrolled base and n h -DOF manipulator with revolute joints.
www.intechopen.com The robot system shown in Figure 11 can be understood as one robot with M manipulators by regarding the object as a robot body, and M robot arms and robot bodies as M manipulators. The kinematic formulation of such space system has been derived by (Yoshida et al., 1991a; b) . So, several symbols defined in Section 2 are changed. These symbols used in this section are redefined as follows: 
Then, the following relation can be derived from Equations (45).
Therefore, for each robot of the system the control system can be designed individually.
Simulation
To examine the performance of the control methods using the transpose of the GJM, simulations are performed by using three of the horizontal planar 3-DOF robots shown in Figure 12 and an object. Note that the physical parameters of the robots shown in Figure 12 and 4 are the same, except for numbering the links and the joints. All simulations were carried out under the following condition. A point of interest on the object moves along a straight path from the initial position to the target position and the object www.intechopen.com angle is set up the initial value. The sampling period is T = 0.01s and the coefficient matrices are A 1 = A 2 = 0.33E and A 3 = 0.34E.
Robustness for singular configuration
Our proposed control methods using the transpose of the GJM can be utilized to the case of a singular configuration of manipulator. The robustness for the singular configuration is demonstrated by simulations using the basic control law (18). Simulations were carried out under the following condition. The feedback gains are k L = k A = 3 × 10 4 , K L = diag{2 × 10 3 , 2 × 10 3 } and K A = 2 × 10 3 . Furthermore, one of the robots breaks down 2.5s after simulations are started, and the physical parameters of the floating object are shown in Table 2 . Physical parameters of floating object Figure 13 shows the simulation result. From this figure, we can see that the determinant of GJM of Robot 1 changes from positive values to negative values affected by the breakdown of Robot 3, and the floating object can be manipulated by the robot system in spite of the singular configuration of Robot 1. Therefore, our proposed control methods using the transpose of the GJM have the robustness for the singular configuration of manipulator.
Tracking control for joint torque controller
Next, the tracking control law (38) is applied to the robot system (Sagara & Taira, 2008a) . Simulations were carried out under the following condition. The feedback gains are Table 3 . Physical parameters of floating object for tracking control method Figure 14 shows the simulation result. Figure 14 (b) also shows the case of the basic control, i. e., α † = β † = 0. From Figure 14 , it can be seen that good control performance can be achieved using the tracking control law (38).
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Tracking control for joint velocity controller
From the simulation result shown in Figure 9 , the tracking control law (38) with discrete-time dynamic equation (40) can be applied to single manipulators equipped with joint velocity controllers. For the robot system shown in Figure 11 , the dynamics of each robot is affected by other robots. Thus, the external force affected by other robots must be considered (Sagara & Taira, 2009 ). Based on the dynamic equation (39), the dynamic equation of the h-th robot shown in Figure 11 is obtained:
and H h is the symmetric and positive definite inertia matrix, c h is the vector of Coliolis and centrifugal forces,
T is the velocity of the mass center of object, f h is the external force affected by other robots. For Eq. (47) the actual joint velocity control inputφ h d (k 1 ) is determined as
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Since the value of the external force f h affected by other robots cannot obtained directly, a disturbance observer in discrete time (Godler et al., 2002 ) is used to estimate f h . The equation of motion of the floating object with respect to the h-th robot is
where H h 0 (k 1 ) is the inertia matrix of the floating object and
. For Equation (49) the estimated value of f h ,f h , can be obtained from the disturbance observer as shown in Figure 15 . In this figure, (a) continuous-time, the equivalent transformation of (a) and the discrete-time version, respectively, T f is a time constant of a low-pass filter, p and q are the differential and shift operators. From Figure 15 (c), the estimated force can be obtained as follows:
Simulations were performed to validate the effectiveness of the control method described above. The simulation condition for the joint velocity controllers is the same as those for the joint torque controllers. In addition, the time constant for the low-pass filter is T f = 1s. Figure 16 shows the simulation result. From Figure 16 (a), the object is successfully moved by three robots. And from Figure 16 (b), it can be seen that good control performance can be achieved.
Conclusion
In this chapter, our proposed control methods for space robot manipulators using transpose of GJM were described and the computer simulations were performed. For manipulators equipped with joint torque controllers we explained about a basic control method using constant feedback gains with the proof of stability. To obtain higher control performance, we addressed trajectory tracking control methods with variable feedback gains for both torque and velocity joint inputs. Moreover, we addressed a cooperative manipulation of a floating object by some space robots with the control methods using transpose of GJM. For the cooperative manipulation, simulations where manipulators get into a singular configuration were also performed.
